Background: Regulation of gene expression by histone-modifying enzymes is essential to control cell fate decisions and developmental processes. Two histone-modifying enzymes, RPD3, a deacetylase, and dKDM5/LID, a demethylase, are present in a single complex, coordinated through the SIN3 scaffold protein. While the SIN3 complex has been demonstrated to have functional histone deacetylase activity, the role of the demethylase dKDM5/LID as part of the complex has not been investigated.
Background
Chromatin, composed of DNA wrapped around histone proteins, acts as the template for gene transcription in eukaryotes. The activity of nucleosome remodeling factors and histone-modifying enzymes, as well as the incorporation of histone variants, regulates dynamics of chromatin packaging [1] . Dense packaging of chromatin is associated with transcription repression, while a more loose conformation is associated with activation. Histone-modifying enzymes regulate transcription by modifying the N-terminal tails of histones, enabling or preventing the association of several distinct transcriptional activators and repressors [2] . Analysis of many immunopurified chromatin regulatory complexes indicates the presence of multiple histone-modifying enzymes within the same complex. Two such enzymes found to occur together in chromatin regulatory complexes are histone deacetylases (HDACs) and lysine demethylases (KDMs), reviewed by Hayakawa and Nakayama [3] . The SIN3, NuRD, CoREST, and NCoR/SMRT complexes have all been shown to include both class I HDACs and a KDM.
The activity of HDACs typically leads to a transcriptionally repressive chromatin environment while the opposing activity of lysine acetyltransferases (KATs) results in an environment favorable for transcription [2] . SIN3 acts as a scaffold protein for multiple HDAC complexes present in organisms from yeast to mammals and is thus generally associated with transcription repression [4] . Across species, the distinct SIN3 complexes share much similarity in composition of proteins and biological functions. The HDAC RPD3, in yeast and Drosophila, and HDAC1 and 2, in mammals, render catalytic activity to the complex. Investigations using different model organisms have identified the interaction of SIN3 with a KDM, dKDM5/LID, in Drosophila, and the homolog KDM5A in mammals [5] [6] [7] [8] . This finding adds a second catalytic component to the SIN3 complex, which to date had been regarded as an HDAC complex. In Drosophila, a single gene, Sin3A, encodes multiple isoforms of SIN3. Work in our laboratory has shown that dKDM5/LID predominantly associates with the largest SIN3 isoform, SIN3 220 [7] .
Sin3A is an essential gene in both Drosophila and mammals [9] [10] [11] [12] [13] . SIN3 was initially identified in yeast as a global regulator of transcription [14, 15] . In Drosophila, microarray expression analysis of S2 and Kc cultured cells upon Sin3A RNA interference (RNAi), determined that ~3 % of the genome is regulated by SIN3, where a vast majority of genes were repressed by SIN3 [16] . Further, SIN3 plays an important role in cell cycle progression. In Drosophila, knockdown of Sin3A by RNAi in cultured cells leads to a G2/M phase cell cycle arrest [17] .
In mammals, two distinct genes mSin3a and mSin3b, encode SIN3 proteins. In mouse embryonic fibroblasts (MEFs), deficiency of mSIN3A leads to a reduction in proliferative capacity and an increase of cells in the G2/M phase of the cell cycle [9, 10] . mSIN3B-deficient MEFs, however, continue to proliferate, but fail to exit the cell cycle [11] . Furthermore, SIN3 is known to be important for developmental processes. In Drosophila, SIN3 isoforms show differential expression in multiple tissues and life stages [18] . Knockdown of Sin3A at different developmental time points indicates a requirement for SIN3 during multiple stages of development [18, 19] . SIN3 is also linked to key developmental and signaling pathways. SIN3 is associated with steroid hormone, Notch, ERK and JNK signaling pathways [20] [21] [22] [23] [24] . SIN3 is further implicated in eye, wing, neural and cardiac development [12, [25] [26] [27] [28] .
Similar to Sin3A, lid is an essential gene in Drosophila, first identified in a screen for trithorax group genes [29] . dKDM5/LID is a JmjC domain containing KDM, which specifically removes H3K4me3, a mark associated with active transcription [30] [31] [32] [33] . In mammals, four paralogous genes encode lid homologs, KDM5A through KDM5D. KDM5A, KDM5B, and KDM5C interact with SIN3 or HDAC complexes [5, 8, [34] [35] [36] . Until recently, targeted gene expression analysis had been performed for only a few genes to understand the role of dKDM5/LID in transcription. These studies revealed that, consistent with its demethylase activity, Notch target genes are repressed by dKDM5/LID, while other genes are positively regulated [6, [31] [32] [33] 37] . Recently, two groups published findings for genome-wide changes in gene expression upon loss or reduction of dKDM5/LID [38, 39] . These groups utilized expression arrays to identify dKDM5/LID-regulated genes in Drosophila wing imaginal disc tissues. Work by Lloret-Llinares et al., while demonstrating that a large number of genes are bound by dKDM5/LID, identified very few genes that showed statistically significant changes in expression [39] . In contrast, Liu et al. reported a large number of genes (901) to be regulated by dKDM5/ LID, of which 367 were upregulated and 534 were downregulated, suggesting a role in both gene activation and repression [38] . Additionally, dKDM5/LID is necessary for fly development [29, 40] . In mammals, similar to SIN3, KDM5A and KDM5B are known to regulate cell cycle progression [34, [41] [42] [43] [44] [45] .
Taken together, research in Drosophila and mouse suggests that SIN3 and KDM5 have overlapping as well as distinct biological functions. In this work, we wished to further explore the potential intersection of functional activities of these two transcriptional regulators. Here, we have focused on the role of dKDM5/LID in the context of the Drosophila SIN3 complex. We demonstrated that dKDM5/LID acts similarly to SIN3 in affecting cell cycle progression and wing development, strongly supportive of a functional interaction of these proteins. Through genome-wide expression analysis we determined that SIN3 and dKDM5/LID regulate transcription of a number of common gene targets with specific effect on stress tolerance processes. Further, we found that under conditions of oxidative stress, SIN3 and dKDM5/ LID proteins affect a large number of genes implicated in cell cycle control.
Results and discussion

SIN3 and RPD3 co-purify with dKDM5/LID
We previously identified components of Drosophila SIN3 187 or 220 isoform specific complexes by LC/MS/MS analysis and determined that dKDM5/LID co-purifies predominantly with the SIN3 220 complex [7] . To build on that study, we sought to analyze the interaction of dKDM5/LID with SIN3 220 by western blot assay using dKDM5/LID-specific antibody. Nuclear extracts were prepared from S2 cells and cells expressing HA-tagged SIN3 187 or 220. Nuclear extracts were subjected to immunopurification of SIN3 using anti-HA beads. Western blot with antibody to dKDM5/LID or antibody to SIN3 showed the association of dKDM5/LID predominantly with SIN3 220 (Fig. 1a) . To validate the interaction of dKDM5/LID with SIN3, we performed the reciprocal experiment, where we immunopurified dKDM5/ LID. We generated a Drosophila S2 cell line carrying a transgene for inducible expression of FLAG-HA-tagged dKDM5/LID. We immunopurified nuclear extracts prepared from control S2 cells and dKDM5/LID FLAG-HA cells using anti-HA beads. A western blot of immunoprecipitated dKDM5/LID showed interaction of dKDM5/ LID FLAG-HA with SIN3 and RPD3, two components of the SIN3 complex (Fig. 1b) . As an additional control, we immunopurified nuclear extracts prepared from S2 cells, cells expressing HA-tagged SIN3 187 or 220, and cells expressing FLAG-HA-tagged dKDM5/LID with IgG and probed with antibody to HA. No detectable levels of HA-tagged proteins were present in the bound fraction (data not shown). Previously two other groups purified dKDM5/LID and demonstrated its interaction with components of the SIN3 complex [6, 31] . Work by Lee et al., demonstrated an association of dKDM5/LID with RPD3 and Pf1, another component of the SIN3 complex, but did not find an interaction with SIN3 itself [31] . However, Moshkin et al., isolated a dKDM5/LID complex that includes SIN3 and RPD3 proteins as well as Pf1 and EMSY, components of the SIN3 complex [6] . Our work along with published data establishes the interaction of dKDM5/LID with a SIN3 and RPD3 containing complex.
dKDM5/LID affects cell cycle progression
Having verified the interaction of dKDM5/LID with SIN3 and the catalytic component of the complex, the HDAC RPD3, we sought to determine the contribution of dKDM5/LID to SIN3 complex functions. Previous work in yeast, flies, and mammals has shown SIN3 to play an important role in regulating progression through the cell cycle [9, 11, 17, 46] . In Drosophila, in addition to SIN3, other components of the SIN3 complex such as RPD3 and p55 have also been shown to affect cell growth rates of cultured cells [17] . We next investigated if dKDM5/ LID also contributed to progression through the cell cycle.
First, we checked for defects in cell proliferation by measuring cell density of Drosophila S2 cells upon induction of RNAi of Sin3A, lid, or both. S2 cells treated with dsRNA targeting GFP was used as a control. Verification of efficient reduction of SIN3 protein by western blot analysis and lid transcript by real-time quantitative RT-PCR (qRT-PCR) is routinely performed in the lab (Additional file 1: Figure S1 ). Determination of cell density revealed that lid knockdown cells had decreased cell density, about 15 % lower, compared to control cells treated with GFP dsRNA (Fig. 2a) . lid knockdown, however, resulted in a less severe cell proliferation defect compared to Sin3A knockdown cells. Further, double c Control and Sin3A or lid knockdown wing disc clones generated using the Flip-out GAL4 system and immunostained with antibody to GFP. d Quantification of GFP signal in wing imaginal discs. Results are the average pixel counts from 20 wing imaginal discs. KD knockdown. ***, P < 0.001 knockdown of lid and Sin3A did not result in an additive effect on cell proliferation. The double knockdown cells showed densities comparable with single knockdown of Sin3A. These results suggest that multiple components of the SIN3 complex could contribute to the cell proliferation defect seen upon loss of SIN3. Loss of the scaffold protein, SIN3, may result in the disruption of function of these additional complex components, including dKDM5/LID, thereby resulting in a more pronounced proliferation defect relative to the other components.
Next, to look at the cell cycle distribution of S2 cells upon knockdown of Sin3A, lid, or both, we performed flow cytometry analysis. Consistent with previous reports [17] , Sin3A knockdown resulted in a G2/M phase arrest or delay of the cell cycle (Fig. 2b) . Similar to the effect of Sin3A knockdown, lid knockdown and double knockdown of Sin3A and lid resulted in an accumulation of cells in the G2/M phase of the cell cycle while the number of cells in G1 was reduced compared to GFP RNAi control cells. These results further validate a role for both SIN3 and dKDM5/LID in regulating cell cycle progression.
To analyze the role of dKDM5/LID in cell proliferation in the context of fly development, we looked at clonal cell growth in Drosophila wing imaginal discs. For this purpose, we utilized the heat shock flip-out system to randomly generate EGFP-marked clones with or without lid knockdown. We previously showed that reduction of SIN3 results in clones that are few in number [28] . Similar to our previous observation with Sin3A knockdown, we found that reduction of dKDM5/LID also resulted in EGFP-positive clones that were fewer in number relative to the control (mCherry RNAi) (Fig. 2c) . Quantification of the GFP-positive pixels per disc shows a three to sevenfold reduction in the number of pixels compared to the control upon lid knockdown (Fig. 2d) . We utilized two separate RNAi lines to drive lid knockdown and observed similar results, which strongly suggests that the reduction in clonal cell growth is due to lid knockdown and not an off-target effect of RNAi. Data from both cell culture and developing flies demonstrate that dKDM5/LID plays an important role in regulating cell proliferation. The observed defects in cell proliferation in the developing wing imaginal disc cells are much more pronounced compared to cultured cells. This is possibly due to the more significant roles of SIN3 and dKDM5/LID proteins during development.
dKDM5/LID functions in wing development
Next, we tested the role of dKDM5/LID in the regulation of developmental processes. Sin3A and lid are both essential genes in Drosophila and are implicated in the regulation of developmental processes [12, 13, 18, [25] [26] [27] [28] [29] 40] . In Drosophila, the GAL4-UAS system can be used to induce RNAi of target genes. Crossing an Act-GAL4 driver line to a UAS-RNAi line results in progeny with ubiquitous knockdown of the gene of interest. Ubiquitous knockdown of Sin3A by RNAi results in lethality [28] . lid knockdown using a ubiquitous Act-GAL4 driver was shown to result in semi lethality [30] . In our hands, upon ubiquitous knockdown of lid using an Act-GAL4 driver, we observed varying degrees of lethality depending on the UAS-RNAi line and the temperature at which the flies were reared (Table 1) . When reared at 25 °C, crosses using the UAS-LID RNAi-KK line resulted in 50-70 % lethality of the progeny. At 27 °C, however, very few flies survived compared to those reared at 25 °C. Use of the UAS-LID RNAi-TRiP line resulted in very few survivors, even at 25 °C and complete lethality at 27 °C. The varying degrees of lethality is possibly due to the differences in RNAi efficiency of the dsRNA constructs utilized and the temperature dependence of GAL4 activity (Fig. 2c, d ). These differences are possibly due to distinct efficiency of knockdown generated using the two separate GAL4 driver lines. Such lethality observed upon knockdown of either SIN3 or dKDM5/LID proteins render it necessary to utilize conditional knockdown systems to study the functional roles of these proteins during development. We previously demonstrated that knockdown of Sin3A in wing precursor cells results in a curved rather than straight adult wing [28] . We tested if dKDM5/LID too can affect wing development. We utilized both of the above-mentioned UAS-RNAi lines crossed to the tissue-specific Ser-GAL4 driver line to reduce expression of dKDM5/LID in wing imaginal disc cells. Knockdown of lid in wing discs using either RNAi line resulted in a curved wing phenotype similar to the phenotype observed upon Sin3A knockdown ( Fig. 3a and Additional file 1: Figure S2A ). Double knockdown of Sin3A and lid in wing discs resulted in a more severe curved wing phenotype than knockdown of either gene alone ( Fig. 3a and Additional file 1: Figure S2A ).
Use of a second wing imaginal disc-specific driver line, Bx-GAL4, also resulted in a curved wing phenotype upon knockdown of lid (data not shown). Interestingly, in addition to the curved wing phenotype, additional vein defects were observed upon wing-specific knock down of lid using the Bx-GAL4 driver (Fig. 3b) . The differences in expression patterns of Serrate (Ser) and Beadex (Bx) in wing imaginal discs may contribute to the additional vein defects observed when lid was knocked down using the Bx-GAL4 driver. Wing vein disruptions have previously been observed in a lid mutant background upon additional mutation of Suppressor of Hairless (Su(H)), a regulator of Notch signaling [48] . Of note, the vein defects were only observed in male lid knockdown flies. One possible explanation for this observation is the fact that Bx is located on the X chromosome and thus can be subjected to regulation by the dosage compensation complex. Possible increased expression of the sequence targeting degradation of lid, due to dosage compensation, could thereby result in a more severe RNAi effect. Alternately, it is possible that male-specific developmental requirements for dKDM5/LID exist that can affect wing morphology. Published work suggests that male flies are more sensitive to mutations in lid compared to female siblings [40] . These researchers found that male flies carrying a demethylase inactive lid gene are short lived and display increased sensitivity to paraquat relative to female mutants. Similarly, RNAi-mediated knockdown of a chromatin regulatory protein MRG15, which associates with dKDM5/LID, also results in shortened lifespan, which is more prominent in male flies compared to females [49] .
Apart from testing the effect of reduced dKDM5/LID levels, we further analyzed the role of dKDM5/LID in development through overexpression. Similar to the reduction of dKDM5/LID, ubiquitous overexpression of dKDM5/LID using the Act-GAL4 driver line resulted in complete lethality when flies were reared at 27 °C ( Table 1 ). This observation suggests that total levels of dKDM5/LID must be maintained; too much or too little is detrimental to fly development. Next, we overexpressed dKDM5/LID only in wing imaginal discs using the Ser-GAL4 driver. The resulting progeny had a heldout wing phenotype, sometimes with scalloped wing margins ( Fig. 3c and Additional file 1: Figure S2B ). Overexpression of a dKDM5/LID catalytic mutant resulted in more severe held-out wings with very distinctly scalloped wing margins. The held-out wing and scalloped wing margin phenotypes were more pronounced in male flies compared to females.
The more severe curved wing phenotype observed upon double knockdown of Sin3A and lid, the vein disruption phenotype observed upon lid knockdown and the held-out wing phenotype observed upon dKDM5/ LID overexpression all imply that dKDM5/LID may have additional roles in wing development that are distinct from the SIN3 complex function. Taken together, our data indicate that dKDM5/LID is an essential factor for normal wing morphology. The results presented here are consistent with previous reports indicating that mutations in dKDM5/LID enhance or suppress wing venation defects caused by mutations of transcriptional regulators such as Notch, Hairless, Lsd1, and SNR1 [6, 50, 51] . In this work, we demonstrate that knockdown of lid by itself can cause wing morphological defects and that SIN3 and dKDM5/LID may function coordinately during wing development.
Overexpression of dKDM5/LID partially rescues the Sin3A knockdown wing phenotype
Specific reduction of either SIN3 or dKDM5/LID in the wing imaginal disc resulted in a curved wing (Fig. 3a) . We next wanted to test if overexpression of dKDM5/ LID could rescue the wing defect caused by reduction of SIN3. Two fly lines previously generated in our laboratory, SIN3 KD I and SIN3 KD II, which have constitutive knock down of Sin3A in wing imaginal discs, were utilized for this analysis [28, 52] . SIN3 KD I and SIN3 KD II transgenic flies display a curved wing phenotype with 100 % penetrance. We crossed the SIN3 KD I or SIN3 KD II flies to flies carrying a UAS construct for overexpression of dKDM5/LID. To determine the amount of possible rescue, we scored for straight wings in the progeny. Here we have only considered the decrease of the penetrance of the curved wing phenotype and not suppression of the phenotype itself. That is, wings that were less curved were scored as curved and not straight. Approximately 95 % of the female progeny resulting from the cross had straight wings, indicating rescue of the curved wing phenotype (Table 2 ). Such rescue of the curved wing, however, was not observed in male flies. This finding further indicates the possibility that male-specific developmental requirements for SIN3 and or dKDM5/LID exist that can affect wing morphology. Male flies may require high levels of these proteins during wing development and thus may not be compensated by the level of overexpression achieved in our rescue experiments. The rescue of the wing phenotype in females suggests that increased expression of dKDM5/ LID can compensate for the reduction of SIN3 function, possibly due to overlapping roles of these proteins in wing development. Further, unlike knockouts, RNAi does not often result in complete loss of the proteins. Therefore, the SIN3 protein could still be expressed in low levels. It is possible that overexpression of dKDM5/LID results in the sequestering and efficient utilization of the small amounts of SIN3 available, thereby resulting in wild-type wings. Overexpression of a catalytic mutant dKDM5/LID in the SIN3 KD I flies resulted in less than 5 % decrease in the penetrance of the curved wing in female flies and no rescue in the males. This lack of effect on female SIN3 KD flies suggests an important role for the demethylase activity of dKDM5/LID in the observed genetic interaction. Genome-wide analysis of histone modification patterns in Drosophila species have revealed variations in the chromatin landscape between the sexes [53] . It is possible that the histone demethylase activity of dKDM5/LID can contribute to such variation in chromatin structure between males and females, which in turn may explain the sex-specific requirements for dKDM5/LID observed in our genetic studies.
SIN3 and dKDM5/LID affect transcription of common and distinct genes
Having determined that both SIN3 and dKDM5/LID affect cell proliferation and wing development in flies, we wished to determine the possible underlying transcriptional network regulated by these proteins. Therefore, we utilized the highly sensitive RNAseq approach to identify genome-wide changes in gene expression upon RNAimediated reduction of SIN3 or dKDM5/LID or both in Drosophila S2 cells. S2 cells treated with dsRNA targeting GFP was utilized as a control. Three biological replicates of the RNAseq data were generated and Pearson's correlation analysis indicated strong reproducibility of the data (Additional file 1: Figure S3 ).
Differential expression analysis was performed comparing knockdown samples to control. Genes showing expression changes greater than 1.4-fold with an FDR cutoff of 0.05 were identified as significantly regulated targets (Fig. 4 and Additional file 2). 624 and 89 genes were determined as regulated by SIN3 and dKDM5/LID, respectively. Dual knockdown of Sin3A and lid resulted in the misregulation of 849 genes. In addition, a general increase in the amount of expression change was also seen at most genes upon dual knockdown compared to the single knockdowns (Additional file 1: Figure S4 and Additional file 2). The increase in the number of regulated genes as well as the increase in the amount of expression changes, observed upon dual knockdown of Sin3A and lid compared to single knockdown, suggests an additive role for these proteins in regulating transcription of many gene targets. This work has identified a significant number of novel genes regulated by SIN3 or dKDM5/LID in Drosophila S2 cells.
Of the 89 genes regulated by dKDM5/LID, a majority of genes (58, 65 %) overlapped with SIN3-regulated genes (Fig. 4d) . This result supports the idea that dKDM5/LID could function coordinately with SIN3 as part of a complex to regulate gene transcription and downstream processes. However, the genes that were regulated by only SIN3 or dKDM5/LID, indicate unique transcription regulatory roles for these proteins in addition to a common gene regulatory role as part of the SIN3 complex.
Of the genes misregulated upon knockdown of Sin3A, 271 (43 %) were upregulated and 353 (57 %) genes were downregulated (Fig. 4a) . This somewhat equal distribution of genes that were upregulated or downregulated is in contrast to previous work indicating that SIN3 functions predominantly as a repressor [16] . The previously published microarray data used a combination of gene expression data obtained from both S2 and Kc cell lines. It is possible that activation of genes by SIN3 is more tissue and cell type specific compared to repression of target genes. Knockdown of lid, however, resulted in twice as many genes to be downregulated, where 27 (30 %) genes were upregulated and 62 (70 %) were downregulated (Fig. 4b) . This corroborates the published microarray expression data from Drosophila wing imaginal disc tissue establishing a predominant role for dKDM5/LID in gene activation [38, 39] . Double knockdown of Sin3A and lid show a similar trend to Sin3A knockdown, where upregulated genes (378, 45 %) were relatively equal in number to downregulated genes (471, 55 %) (Fig. 4c) .
To verify the RNAseq data we repeated the RNAi knockdown experiments and analyzed isolated RNA by real-time qRT-PCR. For this purpose, we tested 12 candidate genes (Additional file 1: Figure S5A -C). Realtime qRT-PCR results validated the expression trends observed by RNAseq. We next used the database for annotation, visualization and integrated discovery (DAVID) and conducted Gene ontology (GO) and KEGG pathway analysis of genes identified by RNAseq [54] . SIN3-regulated genes were classified into overrepresented processes including cell junction assembly, stress response, metabolic, cell cycle, and developmental processes ( Fig. 5a and Additional file 3). Stress-associated processes such as heat shock response, lifespan determination, and glutathione metabolism were significantly enriched among dKDM5/ LID-regulated genes ( Fig. 5b and Additional file 3). Simultaneous knockdown of Sin3A and lid resulted in expression changes of genes involved in similar processes to those in the single knockdowns, such as cell cycle, metabolism, and stress tolerance ( Fig. 5c and Additional file 3). Comparatively higher overrepresentation of cell cycle genes was observed upon dual knockdown relative to the single knockdowns.
As individual knockdown of Sin3A and lid both affect cell proliferation (Fig. 2) , genes involved in cell cycle-related processes that are regulated by SIN3 and dKDM5/LID are of specific interest. In Drosophila, RNAi-mediated knockdown of Sin3A leads to cell cycle arrest at the G2/M phase [17] . In mammals, KDM5 proteins have been linked to cell cycle regulation through the E2F/RB pathway, which affects G1/S transition [55] . Our gene expression analysis determined that Sin3A knockdown led to expression changes in several genes involved in mitotic spindle organization including downregulation of the mitotic kinase polo, the Cyclin-dependent kinase Cdk4, and the inhibitory checkpoint kinase grapes (grp). While lid knockdown did not result in significant changes in cell cycle genes, the double knockdown of Sin3A and lid resulted in expression changes of many additional cell cycle genes including the Cyclin-dependent kinase Cdk1/Cdc2. The data suggest that the additive effect due to the simultaneous reduction of both SIN3 and dKDM5/ LID is important to bring about significant changes in the expression of many cell cycle genes. Knockdown of lid, however, resulted in phenotypic changes in cell proliferation (Fig. 2) . Thus it is possible that the small changes in expression observed at cell cycle genes upon lid knockdown, while not statistically significant, are biologically relevant.
Many cell cycle regulators are also known to affect wing development [56] . Apart from cell cycle regulatory genes, many genes implicated in wing development were also affected by SIN3 and/or dKDM5/LID. Genes such as Notch (N), Ser, and Daughters against dpp (Dad) were affected by knockdown of either Sin3A or lid. Thor and Sequence-specific single-stranded DNA-binding protein (Ssdp) were regulated by SIN3 alone or dKDM5/LID alone, respectively. Genes such as suppressor of Hairy wing (su(Hw)) were affected only in the double knockdown condition. Wing imaginal discs have previously been utilized to show the interconnection of pathways involved in growth, proliferation, and developmental patterning [57] . Thus effects on genes implicated in both cell cycle and wing development could lead to the observed wing developmental defects (Fig. 3) .
Cell junction assembly was among the enriched processes involving genes regulated by SIN3. Genes such as Neurexin IV (Nrx-IV), Contactin (Cont), sinuous (sinu), and Gliotactin (Gli) involved in cell junction assembly are implicated in the maintenance of blood-brain barrier and heart morphogenesis [58] [59] [60] . Interestingly, genetic screens have previously identified SIN3 as a regulator of cardiac and neural development [25] [26] [27] . Identification of the above septate junction assembly genes as SIN3 targets could aid future work in determining how SIN3 regulates these developmental processes.
A large number of SIN3-regulated genes were involved in multiple metabolic processes. Double knockdown of Sin3A and lid resulted in the misregulation of a larger number of genes implicated in metabolic pathways compared to single knockdown of Sin3A. The enrichment of genes involved in metabolic processes is consistent with published work from our laboratory [16, 61] . We previously determined that SIN3 regulates many genes involved in cytosolic and mitochondrial metabolic pathways that control cellular energy production. The current data add to the previous work identifying novel genes involved in multiple metabolic processes implicating an important role for SIN3 in metabolic homeostasis.
A highly enriched category of genes regulated by both SIN3 and dKDM5/LID are genes involved in stress tolerance mechanisms (Fig. 5) . A majority of these genes are heat shock response genes. Heat shock proteins are activated in response to multiple cellular stresses such as heat, oxidative stress, toxins, and bacterial infections and help counteract proteotoxicity and thereby influence organismal lifespan [62, 63] . Some heat shock proteins are also induced by the JNK signaling pathway and the transcription factor Foxo, which are also implicated in lifespan determination [64] . SIN3 and dKDM5/LID have each been associated with lifespan determination [19, 38, 40, 65] . Interestingly, an RNAi screen genetically links SIN3 to the JNK signaling pathway, where SIN3 acts as an enhancer of JNK phosphorylation [24] . Recently, dKDM5/LID was reported to interact with Foxo and help recruit Foxo to genes coregulated by dKDM5/LID and Foxo [38] . Understanding the coordinate function of these stress response regulators is anticipated to provide further insight to the mechanisms of lifespan extension.
Another set of genes regulated by both SIN3 and dKDM5/LID are the Glutathione S transferase genes, involved in glutathione metabolism. Glutathione is an antioxidant, which plays a key role in the defense against oxidative stress and is also implicated in the modulation of cell proliferation and cell death [66] . In Drosophila, glutathione supplementation results in increased survival of flies treated with the oxidative stress paraquat [19, 67] . Thus, the glutathione pathway may be a critical link to the observed phenotypes associating SIN3 and dKDM5/LID to stress tolerance, lifespan extension, and cell proliferation.
Oxidative stress augments gene expression changes due to reduced SIN3 and dKDM5/LID
The RNAseq data indicated that both SIN3 and dKDM5/ LID regulated several genes that are implicated in stress tolerance processes. To identify genes regulated by SIN3 and dKDM5/LID under conditions of oxidative stress, we treated cells with paraquat. Paraquat treatment generates the reactive oxygen species (ROS), superoxide anion, where accumulation of ROS results in oxidative stress in the cell [68] . S2 cells knocked down for Sin3A, lid, or both or treated with dsRNA against GFP were further subjected to paraquat treatment and analyzed by RNAseq. S2 cells treated with dsRNA against GFP but not treated with paraquat were used as the control.
As above, genes with a fold change greater than 1.4 and an FDR cutoff of 0.05 were considered as significantly regulated targets. Induction of oxidative stress in GFP dsRNA-treated cells resulted in the expression changes of 212 genes relative to the non-stressed GFP RNAi control (Fig. 6a) . GO and KEGG pathway analysis indicated that genes that responded to paraquat-mediated oxidative stress fell into a number of overrepresented categories including cell cycle, DNA replication and repair, metabolism, and stress tolerance (Fig. 6b) . 6 Genes regulated by SIN3, dKDM5/LID, or both under the induction of paraquat-mediated oxidative stress in S2 cells as determined by RNAseq. (a, c-e) Volcano plots depicting log fold change in expression. The total number of genes with significant changes in expression is displayed above the plot, while the number of upregulated genes is indicated to the right and downregulated genes to the left. b Gene ontology (GO) and pathway analysis of genes that change in expression upon induction of oxidative stress. Related GO terms with considerable overlap of genes have been combined. P < 0.01. f-h Venn diagrams indicating overlap of genes regulated by SIN3 and dKDM5/LID under normal and stress-induced conditions. KD knockdown, P paraquat Under oxidative stress conditions, knockdown of Sin3A, lid, or both resulted in gene expression changes in a larger number of genes compared to non-stressed conditions (Figs. 4a-c and 6c-e) . 588, 185, and 594 genes were affected upon knockdown of Sin3A, lid, or both during paraquat treatment, but did not significantly change in similar knockdown during non-stressed conditions or upon induction of stress alone (Fig. 6f-h ). Comparing stressed to non-stressed conditions, in addition to a larger number of genes affected in the stress condition, an increase in the amount of expression change was also noted at many genes (Additional file 1: Figure  S4 and Additional file 2). Expression changes observed by RNAseq analysis were validated by real-time qRT-PCR analysis of selected genes (Additional file 1: Figure  S5D -G).
As we wished to discover the impact of SIN3 and dKDM5/LID during oxidative stress, we performed GO and pathway analysis of those genes affected upon knockdown of Sin3A, lid, or both in oxidative stress conditions but whose expression was unchanged in the RNAi cells in normal conditions or in cells subjected solely to stress. Interestingly, cell cycle and DNA replication-related processes were the most enriched under all conditions (Fig. 7a-c) . This result was different from that obtained in non-stressed conditions, where cell cycle-related processes were most enriched only upon double knockdown of Sin3A and lid. The process of cell cycle was also enriched in the comparison of genes affected by paraquat-mediated oxidative stress to control cells (Fig. 6b) . These results indicate that the effect on cell cycle-related processes caused by an environment of oxidative stress is exacerbated when combined with the reduction of SIN3 or dKDM5/LID proteins. Cyclin A and B (CycA and CycB) and the phosphatase String (Stg), implicated in the G2/M transition, as well as Cyclin E (CycE), the Cyclindependent kinase Cdk2/Cdc2c and the inhibitor dacapo (dap), involved in G1/S transition of the cell cycle, were among the genes affected upon the loss of Sin3A, lid, or both under stress conditions. Interestingly, the majority of the cell cycle target genes were downregulated upon reduction of these proteins. This result indicates that SIN3 and dKDM5/LID are important for activation, rather than repression, of those particular targets. Surprisingly, both activators and inhibitors of cell cycle progression are downregulated upon knockdown of Sin3A and or lid. These data suggest that the cell cycle circuitry is misregulated under these varied stress conditions. To test this prediction, we measured cell cycle progression of S2 cells and cells with knockdown of Sin3A, lid, or both under paraquat-mediated stress conditions by flow cytometry. In accord with the RNAseq analysis, induction of paraquat-mediated oxidative stress resulted in a G2/M phase arrest or delay (Additional file 1: Figure S6 ). Knockdown of Sin3A, lid, or both under oxidative stress conditions exacerbated this phenotype. Further, the flow cytometry analysis reveals a qualitatively stronger defect in cell cycle progression in the oxidative stress conditions compared to normal conditions upon reduction of Sin3A, lid, or both. This is consistent with the RNAseq analysis, where an increased number of genes involved in cell cycle regulation were significantly misregulated under oxidative stress conditions relative to control conditions.
Reduction of SIN3 or dKDM5/LID partially mimics oxidative stress in cells
Our gene expression data further led to the interesting observation that many genes regulated by SIN3 or dKDM5/LID under normal conditions were also misexpressed upon induction of oxidative stress in cells treated with dsRNA to GFP. 65 genes regulated by SIN3 (Fig. 6e ) and 27 genes regulated by dKDM5/LID (Fig. 6f ) were also misregulated upon paraquat treatment of control cells. 131 genes were misregulated upon double knockdown of Sin3A and lid and upon paraquat treatment of control cells (Fig. 6g) . Thus, there is considerable overlap between the genes involved in a response to oxidative stress and those regulated by SIN3 and/or dKDM5/LID in non-oxidative stress conditions. This set includes the heat shock response genes, which were misregulated in all knockdown conditions and in control cells treated with paraquat. As expected, based on the overlap in genes, GO analysis revealed that similar processes, including stress tolerance processes, were overrepresented upon paraquat treatment of control cells and knockdown of Sin3A, lid, or both under normal conditions (Figs. 5a-c and 6b) . Our results implicate SIN3 and dKDM5/LID in playing a critical role in stress tolerance and suggest that the loss of these proteins may partially mimic oxidative stress conditions in the cell.
SIN3 and dKDM5/LID bind to the TSS proximal regions of target genes
Having established that SIN3 and dKDM5/LID can alter expression levels of common and unique gene targets, we wanted to see if SIN3 and dKDM5/LID directly bound these genes. We analyzed binding of SIN3 and dKDM5/LID at several genes identified by RNAseq as being regulated by SIN3, dKDM5/LID, or both under normal or oxidative stress conditions using chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR). Flybase GO terms were also taken into consideration in the selection of genes for testing [69] . We tested varicose (vari), a gene involved in cell junction assembly, a process highly enriched among SIN3-regulated genes [70] . Metabolic genes were highly enriched among SIN3-regulated genes. Therefore we included Cytochrome c proximal (Cyt-c-p), CG3476, mitochondrial ribosomal protein L19 (mRpL19), Glutathione S transferase E6 (GstE6), and S-adenosylmethionine synthetase (Sam-S), genes involved in multiple metabolic processes [71] [72] [73] [74] [75] . Due to the roles of both SIN3 and dKDM5/LID in cell proliferation and wing development, we tested several genes implicated in these processes. Minichromosome maintenance 7 (Mcm7), Thor, and Sestrin (Sesn) were chosen for their involvement in cell cycle functions. [76] [77] [78] [79] [80] [81] . Thor and Sesn have also been implicated in wing development due to their roles in regulating cell size [78, 79] . We further tested Ssdp, Heat shock protein 27 (Hsp27), and interference hedgehog (ihog), all implicated in wing development Fig. 7 Genes regulated by SIN3 and/or dKDM5/LID under oxidative stress conditions are enriched in cell cycle-related processes. a-c Gene ontology (GO) and pathway analysis of additional genes that change in expression upon knockdown of Sin3A, lid, or both upon induction of oxidative stress that do not significantly alter expression under normal conditions or upon induction of stress alone. Related GO terms with considerable overlap of genes have been combined. P < 0.01. KD knockdown, P paraquat [82] [83] [84] [85] . Thor, Sesn, and Hsp27 are also involved in stress response and lifespan determination pathways [78, [86] [87] [88] . CG31819, a gene located in a region devoid of SIN3 or dKDM5/LID binding based on published genomewide binding data, was used as a negative control [39, 89, 90] .
Drosophila S2 cells predominantly express SIN3 220, the largest isoform. We utilized Drosophila S2 cells that express either HA-tagged SIN3 220 or FLAG-HA-tagged dKDM5/LID. S2 cells not carrying any transgene were used as a control. We prepared chromatin from control cells or cells expressing the HA-tagged proteins and immunoprecipitated using anti-HA beads. Real-time qPCR was used to determine enrichment of SIN3 and dKDM5/LID at the selected gene targets. We designed qPCR primers that amplify regions spanning the TSS of selected genes based on published genome-wide binding studies for SIN3 and dKDM5/LID [39, 89, 90] .
Substantial enrichment of SIN3 220 compared to control at most of the tested genes, with the exception of vari and GstE6, was observed (Fig. 8a) . No enrichment was noted at the negative control gene CG31819. We further validated binding of SIN3 to target genes by immunoprecipitating SIN3 from S2 cells using an antibody targeting endogenous SIN3 protein. Chromatin from S2 cells was also immunoprecipitated with IgG as a control. Enrichment at gene targets was observed for both endogenous SIN3 protein and HA-tagged SIN3 protein (Fig. 8a and Additional file 1: Figure S7A ). No significant enrichment was observed in the control IP (Additional file 1: Figure S7A ). Further, knockdown of Sin3A by RNAi led to decreased binding of SIN3, verifying direct binding of SIN3 at tested gene targets (Additional file 1: Figure S7B ).
Of the two tested genes having no significant enrichment of SIN3 at the TSS, vari expression was upregulated upon depletion of Sin3A under both normal and oxidative stress conditions. Thus, the binding data suggests that this gene may be an indirect target of SIN3. Upregulation of GstE6 expression by SIN3 was only observed under paraquat-mediated oxidative stress conditions. Thus it is possible that SIN3 is recruited to this gene only under such conditions. Of the genes with significant enrichment of SIN3, CG3476, mRpL19, Thor, and Sam-S are negatively regulated by SIN3. Sesn, Hsp27, and Compared to SIN3, dKDM5/LID was only modestly enriched at tested genes, where all genes showed less than 2.5-fold enrichment compared to control (Fig. 8b) . Only Cyt-c-p, CG3476 , Thor, Sesn, Hsp27, and ihog had considerable enrichment compared to control. All genes bound by SIN3, however, showed above background levels of enrichment for dKDM5/LID. These observations suggest that both SIN3 and dKDM5/LID may be recruited together as a complex to gene targets. The low enrichment of dKDM5/LID may arise due to a lower stoichiometry of the protein at gene targets compared to SIN3 or due to varying DNA:protein crosslinking efficiencies for SIN3 and dKDM5/LID. Of the genes bound by dKDM5/LID, significant transcriptional regulation was seen only for Sesn and Hsp27, where both genes are downregulated upon lid knockdown. Cyt-c-p and CG3476 are upregulated upon lid knockdown under conditions of oxidative stress. All genes with dKDM5/ LID enrichment were also enriched for SIN3. It is likely that due to interaction with the SIN3 complex, dKDM5/ LID too binds to gene targets bound by SIN3, while its effect on transcriptional regulation is restricted to a subset of these genes. Common and unique protein interactions of SIN3 and dKDM5/LID may contribute to the similar and distinct transcriptional outcomes at different gene targets.
To further understand transcriptional regulation by SIN3 and dKDM5/LID, we wished to analyze possible underlying changes in histone modifications at target genes upon reduction of SIN3, dKDM5/LID, or both. We studied histone H3K9ac, a mark that can be deacetylated by the SIN3 complex protein, RPD3, and H3K4me3, a mark that can be removed by dKDM5/LID [17, [30] [31] [32] [33] . For this purpose, we isolated chromatin from RNAitreated S2 cells under normal conditions as well as paraquat-induced oxidative stress conditions. Chromatin was subjected to immunoprecipitation with antibody against H3K9ac and H3K4me3. Immunoprecipitation with antibody to the H3 C-terminus was used to normalize for changes in histone density. IgG was used as a control for immunoprecipitation. ChIP-qPCR was performed as above to investigate possible changes in histone modification patterns.
We monitored the enrichment of histone modification marks at four genes bound by SIN3 and dKDM5/ LID, namely CG3476, mRpL19, Sesn, and Ssdp. CG3476 and mRpL19 are genes that are repressed by SIN3, while Sesn is a gene that is activated by both SIN3 and dKDM5/ LID and Ssdp by dKDM5/LID alone. Primers were Enrichment of dKDM5/LID at target genes. Primers used in the PCR amplification of target regions spanning the TSS of indicated genes. CG31819 acts as a negative control. The results are the average of three biological replicates. c Enrichment of H3K9ac at promoter proximal regions of SIN3 and/or dKDM5/LID target genes upon knockdown of Sin3A, lid, or both under normal and oxidative stress conditions. d Enrichment of H3K4me3 at promoter proximal regions of SIN3 and/or dKDM5/LID target genes upon knockdown of Sin3A, lid, or both under normal and oxidative stress conditions. KD knockdown, P paraquat designed to detect promoter proximal regions enriched for H3K9ac and H3K4me3 in S2 cells based on published data [91, 92] . Primers designed for the promoter region of wb, a gene not targeted by SIN3 or dKDM5/LID was used as a control.
Reduction of SIN3 led to an increase in H3K9ac at CG3476 and mRpL19, genes upregulated upon knockdown of Sin3A under normal and oxidative stress conditions (Fig. 8c) . Interestingly, while double knockdown of Sin3A and lid resulted in similar expression changes as single knockdown of Sin3A, no significant increase in acetylation was observed upon double knockdown under normal conditions (Fig. 8c and Additional file 1: Figure S5 ). Under oxidative stress conditions both single knockdown of Sin3A and double knockdown of Sin3A and lid resulted in an increase of H3K9ac at CG3476 and mRpL19. In contrast, acetylation levels decreased at Sesn, a gene activated by both SIN3 and dKDM5/ LID, upon knockdown of Sin3A, lid, or both under normal and oxidative stress conditions. It is of interest that reduced dKDM5/LID levels result in altered H3K9ac at Sesn as dKDM5/LID has no direct catalytic activity towards this histone modification. One previous report demonstrated that the in vitro HDAC activity of purified RPD3 could be inhibited by the addition of dKDM5/ LID into the reaction [37] . It is possible that at genes activated by SIN3, dKDM5/LID inhibits the activity of RPD3 leading to transcriptional activation. Loss of either SIN3 or dKDM5/LID may disrupt the complex and thereby release the inhibition of RPD3 activity resulting in the observed changes in histone acetylation. Only moderate changes were noted at Ssdp, which may be attributed to the moderate transcriptional regulation of this gene by dKDM5/LID but not SIN3.
Little change in H3K4me3 was observed upon knockdown of Sin3A, lid, or both (Fig. 8d) . While loss of lid is known to affect global levels of histone H3K4me3 [30] [31] [32] [33] , very little effect was seen near the TSS of the tested genes upon lid knockdown. A moderate decrease in H3K4me3, however, was noted upon lid knockdown or double knockdown of Sin3A and lid at most tested genes under conditions of oxidative stress. Unlike histone acetylation, histone methylation trends did not correlate with the gene expression trends for these tested genes. It is possible that histone methylation changes due to the catalytic activity of dKDM5/LID are context specific and help fine tune gene expression changes. Further, an important role for dKDM5/LID in the SIN3 complex may be as a modulator of deacetylase activity by RPD3, consistent with the study indicating that dKDM5/LID can inhibit RPD3 activity in vitro [37] . Overall the ChIPqPCR results suggest affects on histone acetylation play a more predominant role relative to histone methylation in transcriptional regulation by the SIN3 complex.
Conclusions
In conclusion, in this study, we have addressed the question as to whether dKDM5/LID affects similar processes as SIN3. We verified that dKDM5/LID interacts with SIN3 and the complex component, RPD3. We found that both SIN3 and dKDM5/LID share similar roles in cell proliferation and wing development, as flies with reduced dKDM5/LID phenocopied those with a reduction of SIN3. Through genome-wide expression and local chromatin recruitment analyses we determined that both SIN3 and dKDM5/LID bind to and regulate many common gene targets. A specific effect of SIN3 and dKDM5/ LID was observed in the regulation of stress tolerance pathways, which in turn may affect cell cycle progression and wing development. Our findings therefore, provide a solid framework for analyzing the transcriptional network through which SIN3 and dKDM5/LID affect diverse functions in the cell. Further, our findings imply that dKDM5/LID is a key interactor of the SIN3 complex, where dKDM5/LID contributes significantly to SIN3 complex function in cellular and developmental processes. Moreover, in mammals, genes encoding SIN3 and KDM5 proteins have been linked to tumorigenesis [93, 94] . Understanding the coordinated functions of these proteins in cell cycle regulation could provide great insight for therapeutic development. While the SIN3 complex is best known for its association with the HDAC RPD3, the role of other components of the complex in modulating transcriptional control is less understood. Findings from this current work emphasize the importance of further understanding the contribution of dKDM5/LID to the activity of the SIN3 complex.
Methods
Cell culture
Drosophila Schneider cell line 2 (S2) cells (Drosophila Genomics Resource Center) were cultured at 27 °C in Schneider's Drosophila medium (1×) + l-glutamine (Life Technologies) with 10 % heat-inactivated fetal bovine serum (Invitrogen) and 50 mg/ml gentamicin. 0.1 mg/ ml penicillin/streptomycin and 0.1 mg/ml Geneticin for selection were added to cells carrying a stably integrated transgene with HA-tagged SIN3 187 or SIN3 220. Construction of the HA-tagged SIN3 187 and SIN3 220 expression cell lines has been previously described [7] . The FLAG-HA-tagged dKDM5/LID expressing cell line was generated by transfecting a pMK33 vector carrying FLAG-HA-tagged lid cDNA using the Effectene transfection kit (Qiagen). 300 μg/ml Hygromycin B was added to select for transfected cells carrying stable chromosomal insertions of the transgene. The FLAG-HA-tagged lid construct inserted into a pMK33 vector (FMO08240) was obtained from the Berkeley Drosophila Genome Project, ORFeome collection [95] . Expression of tagged proteins was induced by the addition of 1 μl/ml of 0.7 M CuSO 4 to relevant cultured cells.
Nuclear extract preparation and co-immunoprecipitation
Nuclear extracts were prepared from both S2 control and dKDM5/LID FLAG-HA stably transformed cells and subjected to immunoprecipitation as previously described [7] . In brief, approximately 900 μl of nuclear extract was incubated with 75 μl of anti-HA beads (monoclonal anti-HA agarose conjugate clone HA-7 (A2095, Sigma)). 150 μl of interaction buffer (20 mM HEPES (pH 7.4), 150 mM NaCl, 0.5 mM EDTA, 1 % Triton X-100, 10 % glycerol) was added to the extract and incubated with the antibody beads overnight at 4 °C. The beads were washed with radioimmune precipitation buffer (RIPA (20 mM Tris (pH 7.4), 150 mM NaCl, 1 % Triton X-100, 0.1 % sodium dodecyl sulfate, 0.1 % sodium deoxycholate)), Wash 2 buffer (20 mM HEPES (pH 7.4), 500 mM NaCl, 0.5 mM EDTA, 1.5 % Triton X-100, 0.1 % sodium deoxycholate, 10 % glycerol), and Wash 3 buffer (20 mM HEPES (pH 7.4), 300 mM NaCl, 1 mM MgCl 2 , 0.1 mM EDTA, 10 % glycerol, 1.5 % Triton X-100) for 10 min each. Bound proteins were eluted by incubation with 25 μl of Laemmli buffer (Bio-Rad) for 15 min at room temperature.
Western blotting
Western blot analysis was performed in accordance with standard protocols [96] . For whole-cell protein extract preparation, 1.5 × 10 6 cells were pelleted by centrifugation at 1250g and lysed in 100 μl of Laemmli sample buffer (Bio-Rad). Protein concentrations were determined using the Bio-Rad DC protein assay reagent in accordance with the manufacturer's protocol. 15-20 μg of whole-cell protein extracts, 10 μl of nuclear extracts, or entire eluate from immunoprecipitated samples were separated on an 8 % SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride (PVDF) membrane (Thermo Scientific) and subjected to western blot analysis. Membranes were probed with various rabbit primary antibodies followed by incubation with donkey anti-rabbit HRPconjugated IgG (1:3000; GE Healthcare, NA9340) secondary antibody where applicable. The antibody signals were detected using the ECL + or ECL prime western blot detection system (GE Healthcare). Primary antibodies used: HA-HRP (1:6000; Roche, 2013189), SIN3 (1:2000; [21] ), RPD3 (1:3000; [21] ), dKDM5/LID (1:5000; kindly provided by Dr. Julie Secombe [32] ), beta-actin (1:1000; Cell Signaling, 4967).
RNA interference
RNAi was performed based on modification of a published protocol [97] . In brief, 4 × 10 6 cells were plated in 4 ml of Schneider's Drosophila medium in a 60-mm diameter dish. After 3 h, FBS-containing medium was removed and replaced with 2 ml of serum-free medium. 50 μg of dsRNA was added per dish and mixed by swirling. After 30 min, 4 ml of Schneider's Drosophila medium was added. Cells were assayed four days following the addition of dsRNA. RNAi was performed using dsRNA corresponding to Sin3A or lid mRNA. Construction of the Sin3A RNAi targeting sequence in pCRII-Topo vector and production of dsRNA is previously described [17] . The sequences in the pCRII-Topo vector for lid knockdown were generated using the following primer set 5′ to 3′ (forward primer) CGA CAT GGC CGA AAT GGT and (reverse primer) GAT ACC CAG TTG CTG TAT GAC. dsRNA against GFP was used as a control. PCR templates for targeting the GFP gene were generated from template DNA (kindly provided by Dr. Russell L. Finley, Jr.) using the following T7 promoter sequence containing primer set 5′ to 3′ (forward primer) GAA TTA ATA CGA CTC ACT ATA GGG AGA TGC CAT CTT CCT TGA AGT CA and (reverse primer) GAA TTA ATA CGA CTC ACT ATA GGG AGA TGA TGT TAA CGG CCA CAA GTT. Efficient knockdown of the target was routinely verified either at the protein level by western blotting or at the transcript level by real-time quantitative reverse transcription PCR (qRT-PCR).
Cell proliferation assay
Mock (GFP dsRNA)-treated or RNAi-treated cells were stained with Trypan Blue and cells were counted 4 days after RNAi treatment. Cell density of each sample was calculated as per hemocytometer standards.
Flow cytometry
10
6 cells were pelleted and washed in 1 X PBS + 1 % BSA with centrifugation at 100g at room temperature for 5 min. Pelleted cells were resuspended in 100 μl of 1 X PBS + 4 % paraformaldehyde and incubated at room temperature for 15 min. Cells were then pelleted at 100g, the fixative discarded and resuspended in 1 ml 1 X PBS + 1 % BSA and stored at 4 °C. On the day of staining cells were pelleted by centrifugation at 100g at room temperature for 5 min, resuspended in 100 μl of Saponin permeabilization buffer and stained by the addition of 1 ml of dilute FxCycle Violet DNA stain (1:1000 in 1 X PBS) and incubated at room temperature for 30 min. Stained cells were analyzed in an Attune acoustic focusing cytometer (Applied Biosystems) using Attune software.
Drosophila stocks
Drosophila melanogaster stocks were maintained, and crosses were performed, according to standard laboratory procedures. The following stocks were used:
UAS-SIN3
RNAi-I [18] , SIN3 KD I [28] , and SIN3 KD II [52] 
Imaging flies
Whole flies were imaged at 30× magnification using an Olympus DP72 camera coupled to an Olympus SZX16 microscope. Wings were imaged at 80× magnification using a SPOT RT color camera coupled to a Leica MZ125 microscope.
GFP clonal analysis
hsFLP;Act5C > CD2 > GAL4,UAS-EGFP flies were crossed to mCherry RNAi-TRiP , UAS-SIN3
UAS-LID
RNAi-TRiP
, or UAS-LID
RNAi-KK to generate random GFP-positive clones. 0-4 h embryos were collected and heat shocked for 2 h at 37 °C, 48-52 h after egg laying. Wing discs from wandering third instar larvae were dissected and immunostained with antibody against GFP as described below.
Immunostaining
Wing discs from wandering third instar larvae were dissected in 1 X PBS. Roughly 50 wing discs were fixed in 4 % formaldehyde in 1 X PBS and stained as previously described [18] . Antibody against GFP (1:1000; Abcam, ab1218) followed by sheep anti-mouse Alexa 488 (1:2000; Life Technologies, A11001) was used for staining. Visualization and imaging was done using a Zeiss Axioscope 2 fitted with an Axio-photo photography system.
Gene expression analysis by RNAseq
RNA isolation to next-generation sequencing and initial quality control was performed at the Applied Genomics Technology Center, Wayne State University.
RNA isolation
S2 cells were subjected to RNAi alone or RNAi and 24 h treatment with 8.3 mM paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride (Sigma Aldrich)). Total RNA was isolated using the EZ1 ® RNA Universal Tissue Kit (Qiagen). Cells were disrupted and homogenized in 750 µl QIAzol ™ lysis reagent via bead-milling on the TissueLyser ® II (Qiagen). RNA was collected from the homogenate by chloroform extraction and purified on the EZ1 ® Advanced (Qiagen) with additional DNase step to remove any residual DNA. Purified total RNA was quantified by UV spectrophotometry using the DropSense96 ® Microplate Spectrophotometer (Trinean) and purity was assessed based on the A260/A280 and A260/A230 ratios. RNA quality was assessed by microfluidics using the RNA R6K assay for the Agilent 2200 TapeStation. The electrophoretogram was examined to determine overall quality of the RNA.
Next-generation sequencing
The TruSeq RNA Sample Preparation Kit (Illumina) was used to prepare adapter ligated PCR fragments for sequencing. In brief, mRNA was purified from total RNA and fragmented. The cleaved mRNA was primed with random hexamers and reverse transcribed into first strand cDNA. The RNA template was then removed and a replacement, complementary strand was generated. The ends of the double-stranded cDNA was repaired and adenylated. Then sequencing adapters were ligated to the prepared cDNA. PCR was used to selectively enrich the fragments containing the adapters. The PCR fragments were validated using Agilent 2200 TapeStation. Single indexed samples were multiplexed and sequenced on an Illumina HiSeq 2500 sequencing system in pairedend mode with a read length of 2 × 50 bp. Samples were demultiplexed using Illumina bcl2fastq converter (v1.8.3). Read quality was assessed with FastQC. The RNAseq experiments were conducted in triplicate. Depth of coverage of ~25-30 million reads was obtained.
Bioinformatic analysis
The Tuxedo pipeline was utilized for analysis [98] . The high-performance GRID computing system at Wayne State University was used for the Tuxedo pipeline analysis. In brief, reads obtained from RNA sequencing were aligned to the UCSC reference genome (dm3) using Bowtie/Tophat. Cufflinks was used to assemble the aligned reads into transcripts. The obtained reads were mapped to a total of 14,542 Refseq genes and FPKM (fragments per kilobase per million fragments mapped) values reflecting mRNA expression levels were generated through Cufflinks. Cuffdiff, an integrated package of Cufflinks, was used to identify statistically significant genes that were differentially expressed in treatment conditions compared to control. The default false discovery rate (FDR) of 5 % was used for the differential expression analysis. The R statistics environment was used to visualize the data. The correlation plots were generated using the Lattice package. The volcano plots were generated using the CummeRbund package. The heatmap was generated using gplots package (heatmap.2). Gene ontology analysis was performed using DAVID [54] . The functional annotation tool of DAVID was utilized where gene ontology term, GOTERM_BP_FAT was utilized to identify enriched biological processes and KEGG_PATHWAY was used to identify enriched pathways. The RNAseq data are available in the NCBI gene expression omnibus (GEO) database under accession number GSE68775 [99] .
Gene expression analysis by real-time quantitative RT-PCR
Total RNA was extracted from 1 × 10 7 S2 cells subjected to RNA interference and paraquat treatment using the RNeasy mini kit (Qiagen). Extracted total RNA was used to generate cDNA with random hexamers using the ImProm-II Reverse Transcription System (Promega). Generated cDNA was used as the template in a realtime quantitative PCR assay carried out in a stratagene MX3005P real-time thermocycler. Analysis was performed using Absolute SYBR green ROX master mix (Fisher Scientific). Relative fold change in gene expression was determined by the comparative quantification (2 −ΔΔCT ) method of analysis [100] . Taf1 was used to normalize cDNA amounts in the comparative analysis. The primer sets used in the PCR reactions are listed in Additional file 4: Table S1 .
Statistical analyses
All significance values were calculated by the two sample Student's t test using GRAPHPAD. http://www.graphpad. com/quickcalcs/index.cfm.
Chromatin immunoprecipitation and real-time quantitative PCR
4 × 10 7 cells were crosslinked with 1 % formaldehyde for 10 min and quenched with 125 mM glycine. The cells were then pelleted and washed three times with 1 X PBS, with centrifugation each time at 1250g at 4 °C for 5 min. The obtained pellet was resuspended in 15 ml of resuspension buffer (10 mM Tris (pH 8), 10 mM KCl, 3 mM CaCl 2 , 0.34 M Sucrose, 1 mM DTT, 0.1 % Triton X-100, 0.2 mM EGTA, 1 Roche complete protease inhibitor tablet) and incubated on ice for 15 min. The resuspended cells were then homogenized by a dounce homogenizer using a loose pestle ten times and a tight pestle 15 times. The homogenized cells were pelleted at 170g at 4 °C for 10 min. The pellet was then resuspended in 200 μl of 10X MNase digest buffer (15 mM Tris (pH 8), 60 mM KCl, 15 mM NaCl, 1 mM CaCl 2 , 0.25 M sucrose, 1 mM DTT), and subjected to MNase digestion using 20 units of MNase for 10 min at room temperature. 10 mM EDTA was added to stop the reaction. Samples were diluted with NaCl buffer (140 mM NaCl, 10 mM Tris (pH 7.6), 2 mM EDTA) to a final volume of 1.2 ml and subjected to sonication for seven 30 s pulses with 1 min intervals at 20 % amplitude using an Ultrasonic dismembrator [Model 500 (Fisher Scientific)] sonicator. Sonicated samples were subjected to centrifugation at 15,000g for 15 min at 4 °C and the pellet was discarded. 75 μg of prepared chromatin was diluted to a final volume of 500 μl with NaCl buffer and used for immunoprecipitation. For immunoprecipitation of HA-tagged proteins 30 μl of anti-HA beads (monoclonal anti-HA agarose conjugate clone HA-7 (Sigma, A2095)) were added to 500 μl of prepared chromatin samples and placed on a nutator at 4 °C for 4 h. For immunoprecipitation of native protein or modified histones antibody specific to SIN3 [21] (5 μg), H3 C-terminus (Abcam, ab1791), H3K9Ac (Millipore, 07-352), H3K4Me3 (Active Motif, 39,159), or IgG (2.5 μg) as control was added to 500 μl of prepared chromatin samples and placed on a nutator at 4 °C overnight. 30 μl of anti-IgG beads [Protein A agarose (Pierce)] were then added to antibody treated chromatin samples and the tubes were placed on a nutator at 4 °C for 4 h. Anti-HA or anti-IgG beads were then washed with Wash 1 buffer (50 mM Tris (pH 7.6), 280 mM NaCl, 2 mM EDTA, 0.3 % sodium dodecyl sulfate), Wash 2 buffer (25 mM Tris (pH 7.6), 500 mM NaCl, 1 mM EDTA, 0.1 % sodium deoxycholate, 1 % Triton X-100), and Wash 3 buffer (10 mM Tris (pH 7.6), 250 mM LiCl, 1 mM EDTA, 0.5 % sodium deoxycholate, 0.5 % Triton X-100) for 10 min each at 4 °C. Finally beads were rinsed with Tris-EDTA (pH 8.0) and eluted with 500 μl of elution buffer (1 % sodium dodecyl sulfate, 0.1 M NaHCO 3 ) at 65 °C for 1 h. Eluted samples were treated with 0.05 μg/μl RNase A at 37 °C for 15 min and DNA:protein crosslinks were reversed by overnight incubation at 65 °C after addition of 200 mM NaCl. Samples were Proteinase K treated [0.04 μM Proteinase K, 10 μM EDTA, 20 μM Tris (pH 7.5)] at 45 °C for 1.5 h and subjected to phenol chloroform extraction and ethanol precipitation. Precipitated DNA was resuspended in 50 μl of ddH 2 0. Input DNA was prepared from 75 μg of chromatin samples directly after RNase treatment and reversal of crosslinks as described above. Input DNA (diluted 1:100) and immunoprecipitated samples (diluted 1:4) were subjected to real-time quantitative PCR with Absolute SYBR Green ROX master mix (Fisher Scientific) using a Stratagene MX3005P real-time thermocycler. The primer sets used in the PCR reactions are listed in Additional file 4: Table S2 .
Availability of supporting data
The datasets supporting the results of this article are available in NCBI Gene Expression Omnibus (GEO) database under accession number GSE68775 at http://www.ncbi. nlm.nih.gov/geo/query/acc.cgi?acc=GSE68775.
